This study proposes a novel frame anti-vibration controller for position sensorless PMSM drive application. This controller is called specific component reduction controller (SCRC). SCRC can function without an accelerometer and can achieve speed variable control. This study mainly comprises the following phases. First, the position sensorless control method will be provided. Second, the frame vibration model and load torque ripple will be shown. Third, SCRC will be discussed and its stability will be analyzed. Finally, experimental results show that SCRC can achieve speed variable anti-vibration control and compensate target frequency torque ripple.
I. INTRODUCTION
In previous studies [1] - [5] , several frame anti-vibration methods have been proposed. In [1] , [3] , [4] , frame vibration suppression systems with accelerometer and encoder have been reported. In [5] , the researcher has taken the accelerometer out of the system but a torque sensor has been used to detect vibration. In [2] , either an accelerometer or encoder has not been applied into the system; however, system stability analysis has not been performed. Thus, the design method for control parameters has not been shown.
To solve the aforementioned problems, the current study proposes a novel frame anti-vibration control method called specific component reduction control (SCRC) . A stability analysis is also performed in this study. SCRC has the following features.
1) An extended electromotive force (EEMF) position sensorless control method is used. This way, the encoder is taken out from the permanent magnet synchronous motor (PMSM) field oriented control (FOC) system. 2) In the proposed system, the estimated speed from the EEMF observer has been taken as the input of SCRC. Consequently, an accelerometer is no longer necessary in the entire system. 3) The Fourier transform (FT) has been applied in SCRC. Only one target frequency component, which is the same as the command speed frequency, has been taken into SCRC. The vibration suppression control system is easily stabilized by the adjustment control parameters in SCRC. High-frequency components are not amplified in SCRC because of a lack of positive feedback in the controller. 4) By proper calculation, SCRC can be utilized as a form of repetitive controller based on the position that is not fluctuated. After simplifying the entire system, a linearized system diagram can be obtained. Nyquist analysis is performed using this system diagram to design two important parameters in SCRC. The target frequency harmonics component, which is the same as the command mechanical speed frequency, can be effectively eliminated with SCRC. 5) An experiment is performed in the different constant speed regions, and speed variable control is also achieved with the design of the parameters in SCRC.
These features will be further discussed in the succeeding sections of this paper. 
II. ESTIMATION OF THE EEMF ALGORITHM
This study utilizes the EEMF observer as a position estimator to construct the position sensorless control system [6] . The voltage equation for the interior PMSM (IPMSM) on the stator frame coordinate (α-β axes) is provided by the following equations:
T . In Eq. (1), v α and v β are the voltages on the α-β axes, i α and i β are the currents on the α-β axes, R is the stator resistance, L d and L q are the inductances on the d-q axes, and p is the differential operator. The estimated motor position is obtained by the EEMF observer (see Eq. (7)). The observer includes the filter Fαβ to remove noise caused by modeling errors [6] . The filter characteristics in Fig. 1(b) are provided as follows:
Moreover, -α is the designed real axis pole of EEMF. The angle estimation is shown as follows 
where P is the pole number of PMSM. The estimated speed is obtained by the derivative filter as follows:
where τ is a time constant of the derivative filter. Fig. 2 shows the motor load mechanical model (frame vibration model) of the PMSM rotor and frame around the shaft for the typical motor in compressors of air conditioners. In this model, J r is the rotor inertia; J f is the frame inertia; D f and K f are the frame viscous coefficient and frame spring coefficient, respectively; ω rm is the rotor mechanical speed; ω fm is the frame mechanism speed; θ rm is the rotor mechanical position; and θ fm is the frame mechanical position. Fig. 3 shows the block diagram of the model shown in Fig.   2 , where  rfm and Θ rfm are the motor mechanical speed and motor mechanical position, respectively, of the motor frame; T e is the motor driving torque; T L is the load torque; and T dif is the total torque. In general applications, the frame on the stator side is considered standstill. However, the position detected by a position sensor θ rfm in the proposed system includes the error caused by the frame vibration when the torque ripple causes the fluctuation of the frame mechanical speed. Consequently, the motor position θ rfm is described as follows: 
III. FRAME VIBRATION MODEL AND LOAD TORQUE RIPPLE

A. Motor Load Mechanical Model around the Shaft
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B. Load Torque Ripple
In motor drive applications, the causes of torque ripple are categorized as either motor-or load-based. The motor-based factors include cogging torque and spatial harmonics of flux. These factors present a high-frequency torque ripple, such as the 6th harmonics of the motor electrical speed.
Torque ripples based on the load side consist of the load torque ripple τ Lrip . They present torque ripples with relatively low frequency, such as 1/P, 2/P, 3/P (P = number of motor pole pair). This study targets the system in which the motor and load are integrated. In this system, the frame vibration is caused by the load torque ripple τ Lrip . The mechanical dynamics of the motor frame and rotor in PMSM and load are provided as follows:
where AτLrip is the amplitude of the load torque ripple. The load torque ripple τLrip is the nth order sinusoidal wave. Accordingly, the periodic speed ripple ωrip is expressed as follows:
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where T r is the cycle time of the rotor mechanical angle, which is constant in a steady state. A n_sum and B n_sum can be calculated as follows: (15c) is considered discrete, which includes the cycle time T r , and can be expressed as follows:
The calculation of the signal after SG in Fig. 5 (b) is shown as follows: ( 1) (
Finally, the compensation signal i c in Fig. 5 (a) is rewritten in discrete form as follows:
From Eq. (15e) to Eq. (15g), SCRC can be established in the form of repetitive controller (see Fig. 5(c) ). , which includes high-frequency noise. This form of SCRC is considered in the system analysis presented in the next section.
Consequently, the stability criterion to determine the compensation gain of k i and cn in SCRC will be discussed 
V. STABILITY ANALYSIS OF THE PROPOSED SYSTEM AND DESIGN METHOD FOR THE CONTROL PARAMETERS
A. System Equations and Block Diagrams
To derive the transfer function of P Ω (s), we assume that the vibration of θ rfe ,  rfe , θ rfe , and  rfe (  denotes perturbation) are sufficiently small for simplicity, which is satisfied at relatively middle and high speed of over 300 rpm. Fig. 6 shows the observer in the d-q axis (steady state), in which the model in this axis is obtained by transforming Eq.
(1) and (2). Using Eq. (16a), the voltage and EMF equations can be taken into the d-q axis as follows:
From Eq. (16b) and Eq. (16c), the flowing equation is derived as follows:
where  rfe =  rfe  rfe t ,  rfe is the speed average of  ,  rfe = , t a is arbitrary time in one period T r , and ̅ rfe =  rfe t. In Eq. (16d), ∆ includes high-frequency noise caused by the imperfection of the motor model; thus, ́will not be equal to and the filter is applied to the observer. Consequently, the high-frequency noise of ∆ will be reduced; hence, ́≅ . The position error is given as follows: 
In the same manner, 
where  and are the real and estimated positions, respectively, by providing the perturbation.
Assuming . ,
The estimated back EMF on the d-q (steady state) axes is provided by the following equation: (17b), (17c), (18a), (18b), and (20 
where G 1 system.
The characteristics of P Ω (s) in Fig. 7 can be proven by Fig.  8 . Fig. 8 shows that the theoretical result has been simulated in Matlab 2014a, and the points are the experimental results of P Ω (s) (see Table I and Table II) . These results are nearly the same. In our system, τ is 0.2.
B. System Stability
The characteristics of P Ω (s) in Fig. 8 show that P Ω (s) decreases high-frequency harmonics or noise; thus, the FT extracts only one target 10 Hz into SCRC. Consequently, SCRC will not amplify high-frequency noise or harmonics. However, the proposed system does not amplify high-frequency harmonics or noise. This way, the concept of system analysis shown in [1] , [3] , [8] , [9] can be considered in the stability analysis of the proposed system.
With the input signal ∆ , the block diagram shown in Fig. 7 is transformed into the one shown in Fig. 9 . Using small gain theory [3] and [7] - [9] , Eq. (27) can be obtained as follows:
The transfer functions in Fig. 9 
where P  (s): transfer function of motor and the torque I c to ∆Ω .
C(s): transfer function of proportional compensator
and time leading element.
G(s)
: transfer function from T L to ∆Ω . 
C. SCRC Parameters k i , cn
-C(jn) P  (jn).
Nyquist analysis is considered according to the criteria expressed in Eq. (28). The operation point A" remains out of the unit circle, that is, SCRC will be unstable at this point. Thereafter, an operating point can be moved into the unit circle by reversing the sign of k i shown in Fig. 10(a)  (A"A) . Reversing the sign of k i means a phase shift by . However, B" (Fig. 10(b) ) cannot be moved into the unit circle by reversing k i . In such a case, the operation point can be moved into the unit circle by using the phase compensator gain cn (B"B).
To place Nyquist point near the original point (i.e., vibration convergence of SCRC is rapid), Eq. (31) is shown as follows:
where circle by adjusting the gain of k i and cn. Thus, the control system will be stable.
The EEMF position sensorless system loses stability in the relatively low speed region. In the experimental system, the speed is fluctuated if the load torque is not constant. The low speed region is defined as speed below 300 [rpm] . Experiments have been performed above the base speed of 600 [rpm] . In the proposed system, the speed command of 600 rpm and 1200 rpm have been tested to prove the stability of SCRC.
VI. EXPERIMENT
A. Experimental Setup
The proposed SCRC has been implemented in DSP (TMS320C6713) of Myway Corporation. An experimental setup is depicted in Fig. 11 . TABLES I and II show the experimental parameters. The experiment is performed with the speed command ω rfm * = 600 rpm, 1200 rpm and ω rfm * = 600 rpm to 900 rpm, with the load torque T L = 2.0 + 2.0 sinθ rfm N. The load torque T L is generated by a servo motor. At 1 s, the anti-vibration control starts to suppress the torque ripple T Lrip . Fig. 12 shows the position estimation result and real position. This figure shows that the speed sensorless control system estimation with SCRC runs smoothly.
B. Experimental Results
Figs. 13 to 16 show the three situations in Fig. 10(a) . When the Nyquist point is near the original point (Case A), the speed vibration suppression is rapid in Fig. 13(a) . When the Nyquist point is in the unit circle but distant from the original point (Case A'), the speed vibration suppression takes considerable time in Fig. 13(b) . The target frequency is 94% reduced by SCRC (see Fig. 14) . Fig. 15 shows the phase current waveform when the vibration suppression control works (Case A). If the Nyquist point is out of the unit circle (Case A''), then the speed vibration suppression is out of work.
In the same manner, the speed vibration suppression control of 1200 rpm can be achieved; k i = −9.6 and cn = 2.2.
Figs. 17 and 18 show that in the speed region of 1200 rpm (20 Hz), the target frequency harmonic (f = 20 Hzcomponent) 
VII. CONCLUSIONS
This paper proposed a novel vibration suppression method called SCRC, which function without accelerometer in the IPMSM position sensorless control system. The EEMF position sensorless control method has been considered. System stability analysis with Nyquist diagram has been proposed to design two important parameters (i.e., ki and cn) in SCRC. The entire system is stable when the Nyquist point with ki and cn in SCRC is within the unit circle. The target frequency harmonics component, which has the same frequency as the command mechanical speed, is eliminated by SCRC as well. The experimental results show that the proposed SCRC with IPMSM position sensorless control system is beneficial for suppressing periodic load torque in different speed regions without accelerometer. The speed variable sensorless anti-vibration control can also be achieved with SCRC.
Our future study will focus on the stability analysis in different speed regions, particularly in the low-speed region. Harmonics frequency components, which are different from the mechanical speed command frequency, will also be considered. 
